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1.0 Introduction

In an effort to develop relevant data for use in applying damage tolerance analysis
concepts to railroad tank cars, the fatigue crack growth (FCG) behavior of TC-128B tank
car steel was investigated by SwRI in a previous test program conducted for the Volpe
Center [1]. Fatigue crack growth rate data (da/dN vs AK) for TC-128B tank car steel
were obtained in Ref. [1] for two lots of TC-128B steel donated by two tank car
manufacturers. In order for these data to be available for use in fatigue crack growth
analyses of railroad tank cars, they must be mathematically characterized in terms of
crack growth equations or laws. Therefore, the objective of the work reported herein was
to obtain empirical constants for crack growth equations that are commonly employed in
damage tolerance analyses. These equations are the Paris equation, the Walker equation
and the NASGRO® equation.

In the following, a brief review of the previous fatigue crack growth rate test
program is first presented, followed by a summary of the crack growth equations that
were used to fit the empirical data. The curve fits to the data for each equation are then
presented along with recommendations for their use.

2.0 Summary of Previous Test Program

The objective of the TC-128B material test program was to develop a database of
fatigue crack growth rate data representative of modern tank car steels. Material samples
were donated to the test program by two tank car manufacturers and were from two
different steel mills. Each set of material was processed (heat treated) to be consistent
and representative of TC-128B material in the current fleet of tank cars. Both material
lots met AAR specifications for TC-128B and there was little measurable difference
between the two lots of material supplied by the different builders in terms of chemistry,
grain size and strength. In addition to material lot differences, variables assessed in the
test program included load ratio (R = 0.1, 0.6 and -1.0), orientation (L-T and L-S), crack
growth test technique and environment. Tests were performed in accordance with ASTM
E-647, the fatigue crack growth testing standard described in Ref. [2].

The two material lots tested produced virtually identical fatigue crack growth
properties at both low and high load ratios. The in-plane (L-T) orientation produced crack
growth rates approximately two times (2x) faster than the through-thickness (L-S)
orientation. Perturbations in environment (temperature and humidity) only had a slight
effect on FCG rate behavior, on the order of 1.5x. In general, the data generated for TC-
128B in the two orientations tested agreed well with A617-Gr.B data found in the
literature and exhibited slightly slower growth rates when compared to other common
structural and low alloy steels while showing less environmental influence.



Complete details of the TC-128B test program including material procurement,
processing, experimental methods, and material characterization, along with resulting
data for all tests, are provided in Ref. [1]. Table 1 lists the FCG tests from that program
used to perform curve fits to obtain the crack growth law parameters; it is a subset of the
information contained in Table 3-1 of Ref. [1]. Note that it was not possible to develop
curve fits for the negative R-ratio data obtained from M(T) specimens in Ref. [1] since
those specimens exhibited asymmetrical crack growth that invalidated the measured data
per the criteria of ASTM E-647 [2].

Table 1 Summary of FCG Tests Used in Curve Fitting Crack Growth Equations

Specimen 1D Tank Car Specimen Orientation | R-ratio
Manufacturer Type

TC-A-1A A C(T) L-T 0.1
TC-B-1A B C(T) L-T 0.1
TC-A-1B A C(T) L-T 0.1
TC-B-1B B C(T) L-T 0.1
TC-A-2A A C(T) L-T 0.6
TC-B-2A B C(T) L-T 0.6

TC-A-9 A SE(B) L-S 0.1
TC-A-10 A SE(B) L-S 0.1
TC-A-12 A SE(B) L-S 0.1

Notes: C(T) = compact tension specimen
SE(B) = single-edge bend specimen
L-T = in-plane (longitudinal-transverse) direction
L-S = through-thickness (longitudinal-short) direction
R-ratio = omin/Gmax O Kmin/Kmax

3.0  Fatigue Crack Growth Equations

The driving force for fatigue crack growth is described by the range in stress
intensity factor (AK=Knax—Kmin) and fatigue crack growth data are commonly represented
on a log-log plot of crack growth rate (da/dN) versus AK as shown in Figure 1.
Typically, three different regions of the FCG curve are considered in developing
analytical models to represent empirical data as shown in Figure 1 by the roman
numerals. Region | is the “near-threshold” region in which very slow crack growth
occurs and where no growth occurs below a threshold value of driving force, denoted as
AKi. Region 11 is the linear, steady-state region of the crack growth curve. In the higher
growth rate portion of the curve, Region Il1, rapid and unstable crack growth occurs as
final fracture is approached when Knax equals K¢, the fracture toughness of the material.



behavior in terms of a high-R threshold (AK; in Table 2) rather than a threshold at a AK
of zero [5]. Earlier variants of the NASGRO equation (e.g., as used in versions 2.0 and
3.0 of NASGRO) should not be used with the NASGRO parameters listed in Table 2.
Therefore, it is recommended that the most recent version of NASGRO [5] be used with
the parameters listed in Table 2 for the NASGRO equation.

Table 2 Summary of FCG Equation Parameters for TC-128B Tank Car Steel

L-S
Equation L-T Orientation
and Orientation (through- Notes
Parameters (in-plane) thickness)
Paris
C 4.43E-10 3.26E-10 (1)
n 3.053 3.053 (1)
Walker
C 2.20E-10 1.62E-10
n 3.053 3.053
m 0.75 0.75
NASGRO
C 7.00E-10 6.00E-10
n 2.90 2.90
p 0.25 0.25
q 0.25 0.25
Gmax/Cflow 0.30 0.30 (2)
o 2.50 2.50 (2)
Ke 90.0 90.0
AK; 1.99 2.73 (3)
Cwn’ 1.73 1.73 (3)
Cin 0.10 0.10 (3)

Notes:

(1) The Paris equation parameters were obtained for R = 0.6.

(2) The ratio of the maximum stress to flow stress, omad/crow, and the plane
stress/strain constraint factor, o, are used along with R to compute the crack
opening function, f, in the NASGRO equation [5].

(3) The threshold stress intensity factor range, AKy, in the NASGRO equation, is a
function of the high-R threshold, AK;, and the Cy, parameters that control the
spread or fanning of the data as a function of R in the threshold region [5].

(4) Units on K and AK are ksivin and da/dN has units of in/cycle.



Lastly, it is well known that the railroad tank car load spectrum contains a significant
amount of compressive loading. None of the test data or curve fits discussed above
address compressive loads (negative load ratios). Note that in Ref. [1] some FCG tests
were performed at a negative load ratio with unsuccessful results due to problems with
meeting ASTM validity criteria. Therefore, it is recommended that FCG rate data be
obtained for at least one or two negative load ratios for TC-128B steel. In the absence of
negative load ratio data, engineering judgment will need to be used in modeling FCG
rates for cycles containing a compressive load, regardless of which crack growth law is
used in the damage tolerance analysis.
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